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ABSTRACT 


A  Harh-Zehnder  interferometric  -fiber  optic  gradient 
, otophone ,  tor  operation  at  632.8  nm  wavelength,  was 
esi  gned  and  constructed  -for  testing  in  the  laboratory.  Two 
~C  ,  ideal  -fiber  optic  hydrophone  sensing  coils  with  10  m  o-f 
c=--  each  were  wound  and  potted  on  an  epoxy  mandrel  and 
‘  a  •  '  ■•sspectivs  sensitivities  were  obtained.  They  then  were 
cun',  sd  on  a  rigid  bar,  separated  by  10  cm,  to  form  a 
■a  hydrophone.  The  sensitivity  of  the  this  arrangement 

h-=  was  obtained  in  a  calibrator  which  allowed  the  coil 
to  is  '-otaced  360 

✓ 

Since  the  laboratory  interferometric  system  was  too 
a-  -  to  be  used  in  the  sea  trial  tests,  a  second  mterfero- 
•  -  stem,  operating  at  830  nm  wavelength,  using  diode 
-str 5  was  designed  and  constructed.  This  was  mounted  in  an 
: a - 1 oar  cal  apparatus  designed  and  constructed  for  sea 
niai  .  A  sea  trial  of  a  standard  Navy  type  DIFAR  hydrophone 
as  conducted  to  test  the  effectiveness  of  the  experimental 
oparatus.  The  results  of  the  laboratory  tests  are 
immarized  and  discussed  and  recommendations  for  further 


tudies  are  presented 
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I. 


INTRODUCTION 


A.  BACKGROUND 

The  concept  of  light  transmission  in  a  dielectric 
medium,  was  first  demonstrated  before  the  Royal  Society  in 
1854  by  John  Tyndell.  Alexander  Graham  Bell,  in  1880, 
proposed  use  of  light  waves  for  telecommunications  CRef.13. 
At  the  birth  of  optical  fiber  technology,  more  than  fifteen 
years  ago,  the  light  losses  sustained  in  the  fiber  were 
close  to  1000  dB/km  [Ref. 23.  By  1970,  research  in  England 
had  lowered  this  to  150  dB/km.  In  1970,  researchers  in  both 
the  United  States  and  Japan  lowered  the  losses  in  optical 
fiber  to  20  dB/km  CRef.33. 

During  the  mid  1970 's,  advancements  were  made  in 
material  processing,  fabrication  of  optical  fibers,  coupling 
devices,  cables,  sources  and  detectors.  The  loss  in  the 
single-mode  optical  fiber  is  now  as  low  as  to  0.01  dB/k.m. 
This  is  very  close  to  the  intrinsic  loss  expected,  for  pure 
Si  02. 

As  technology  matured  it  was  found  that  optical  fiber 
could  be  used  as  a  transduction  element  as  well  as  a 
transmitter  of  information.  Various  physical  perturbati ons 
may  be  sensed,  such  as  acoustic,  magnetic,  thermal,  linear 
and  rotational  motion,  strain,  etc.  CRef.43.  Optical  fibers 
sensors  offer  the  potential  for  increased  sensitivity  as 


Q^Da^ea  to  more  conventional  technology  and  may  be 
ortt  i  qi.ireci  in  arbitrary  shapes.  Additional  advantages  of 
ightweight  and  low  cost  construction,  contribute  to  the 
rit  chat  more  than  60  different  types  of  optical  fiber 
ensors  a'~=  now  being  investigated  or  are  already  in  use. 

"iese  sensors  range  from  simple  on/off  fluid  level 
:i:  icr-tc':  to  the  mo>~e  sophisticated  i  nterf  erometr i c 

i  gu-- a  cions.  The  individual  devices  are  usually  either 
■  cl  it'jde  or  phase  (interferometric)  sensors.  In  the 

,  tude  case,  the  physical  perturbation  interacts  with  the 
ten  to  directly  modulate  the  intensity  of  the  light  in  the 
ice*'  ,  '"he  perturbation  modulates  the  optical  phase  of  the 
•.**  .erent  light  in  the  fiber;  using  an  i nterf erometri c 
stem,  the  optical  phase  modulation  is  converted  to  optical 
"• -  s n s  1 1  y  modal  at  i  on . 

1."  Chapter  II  the  theory  of  light  propagation,  phase 
:ao 1 r t i  on ,  conversion  to  intensity  modulation,  interfero— 
at  -  ; r  systems  and  gradient  sensors  will  be  discussed  in 


PURPOSE  OF  STUDY 

In  1977,  the  feasibility  of  a  fiber  optic  acoustic 
ensor  for  underwater  sound  reception  was  demonstrated 
Ref.  5  ?•'  63.  Significant  progess  has  been  achieved  since  in 


oe  areas  of  enchancement  of  acousto-optic  transduction 


com potent  development  and  sensor  packaging  -for 


a  titer  optic  sensor  [Ref.  2  &  7J. 

A  block  diagram  of  a  basic  fiber  optic  interferometric 
s’- fern  is  mown  in  Figure  1.1.  This  system  is  an  optical 
T.erf5rometer  and  has  a  laser  source,  input/output 
■pie'".  a  sensor  arm,  a  reference  arm,  photodetectors  and 
'’-■modulation  (signal  processing)  unit. 

Tjk.ra  advantage  of  the  intrinsic  dual  path  nature  of 
:=  V.  pe  of  system,  by  using  each  arm  as  a  separate  sensor 
a  differential  design,  a  fiber  optic  gradient  hydrophone 
=  developed  and  tested  in  an  earlier  phase  of  the  present 
eject  [Ref.  t] .  The  geometric  conf ri gurati on  used  is  shown 

r  -  .,rp  «  n 

The  arm  o*  research  described  in  this  thesis  was  to 
_  ■ :e  the  fiber  optic  gradient  interferometric  system 
e-  .  5  ana  R3  .  obtain  sensitivity  data  in  the  laboratory, 

*-  a :  r  sea  trial  data,  and  compare  the  results  to  those 
*  -med  with  a  convent i onal  piezoelectric  gradient 
Jr  opsone  of  the  type  currently  used  by  the  Navy  in 
recti onal  sonobouy  applications. 

^CRMAT  OF  THE  REF-ORT 

The  following  topics  are  considered  in  Chapter  II:  the 
aoreiical  basis  of  the  conventional  gradient  hydrophone 
eref^on,  the  calibration  of  gradient  hydrophones,  and  the 
•hevi or  of  the  interferometric  tvpe  sensors  used  in  this 


BOTH  SENSOR  AND  REFERENCE 
COIL  INSONIFIED 

DETECTS  SPATIAL  VARIATION 
IN  EXCITATION  FIELD 


Figure  1.2  Fiber  Optic  Interferometric  Gradient  Hydrophone 


V  /.  , 
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i  s  ot  the  construction  of  the  fiber  optic  sensor 
all  orator  for  gradient  hydrophones,  and  the  sea 
tus  are  presented  in  Chapter  III.  Specifications 
l-  T.en  tat  i  on  used  for  data  acquisition,  also  are 
apter  III.  The  experimental  procedures  used  to 
e  characteristics  of  the  system,  data  acquisi- 
ues ,  and  the  results  of  sensitivity  measurements 
1  and  gradient  hydrophones  are  discussed  in 
Analysis  cf  the  data  and  i nterpretat i on  of  the 
also  presented  in  Chapter  IV.  Chapter  V  contains 
smarts  and  recommendations  for  further  work, 
s  =  copy  of  the  computer  program  used  to  gather 
irte^f erometer  data  for  the  PZT  and  fiber  optic 
rophones.  Appendix  B  lists  data  obtained  for 
ne'  t  fiber  optic  hydrophones  operating  at  He-Ne 
,  i  .  .  -32. S  nanometers.  Appendix  C  lists  data 

o-  a  dual  element  632.8  nm  fiber  optic  gradient 
Append i'-.  D  contains  data  obtained  in  a  sea  trial 
5ie:lr: :  DIFAR  gradient  hydrophone. 


.  •-  .•  x-  •- 


i I .  THEORY 

TCYVENTIONAL  GRADIENT  HYDROPHONE1 

:  ^  nsn  v  instances,  information  on  the  direction  o-f 
ae'-'ce  of  an  acoustic  signal  is  required,  in  addition  to 
acoustic  pressure  level.  Usually  this  is  achieved  by 
idle  hydrophones  which  are  spatially  distributed  in  a 
tie-fined  -fashion,  e.g.,  a  vertical  or  horizontal  line 
.  The  simplest  o-f  these  directional  arrays  consists  o-f 
i  r  o-f  omni  di  rectioal  hydrophones  that  form  a  dipole 
or  the  output  of  which  is  the  difference  of  the 
•-'iduai  hydrophone  outputs.  The  electrical  output  of  a 
oeiectric  dipole  pair  is  proportional  to  the  pressure 
lent  c-f  the  sound  field  as  described  by  Mills  CRef.  83. 
•=  ore  gradient  hydrophones  have  a  dipole,  or  figure- 
t.  directivity  pattern  as  sketched  in  Figure  2.1,  hence 
are  bidirectional.  Assuming  the  hydrophone  size  is 
1  compared  to  the  acoustic  wavelength  \  of  the  sound 
d,  the  dipole  response  when  oriented  at  any  angle  Q 
.live  to  an  incoming  plane  pressure  wave  is  proportional 
os  Q. 

The  fiber  optic  gradient  hydrophone  considered  in  this 


This  chapter 
s  in  Ref.  8. 


is  a  summary  of  the  discussion  presented  by 


study  is  of  this  similar  dipole  type.  Therefore,  to 
illustrate  its  operation,  assume  two  small  pressure  hydro¬ 
phones  are  placed  a  small  distance  d  apart,  with  d  <<  in 
a  standing  acoustic  wave  field  P(x,t),  as  indicated  in 
figure  2.2.  The  dimensions  of  the  two  hydrophones  are 
assumed  to  be  much  less  than  the  wavelength  of  the  acoustic 
field.  The  presence  of  the  hydrophones  is  assumed  to  have  a 
negligible  influence  on  the  sound  field. 

Consider  the  plane  sinusoidal  standing  wave  shown  in 
Figure  2.3.  The  instantaneous  acoustic  pressure,  P(x,t)  is 
g i ven  by: 

P(x,t)  =  P0sin[kx]e-*wt  (2.1) 

is  the  peak  acoustic  pressure,  k  is  the  propagation  wave 
number  k  =  27T/\i  ■<  is  the  distance  of  one  of  the 
hydrophones  from  the  pressure  nodal  point,  Cl)  is  the  angular 
frequency  of  the  acoustic  wave  and  t  is  time.  Using  the 
assumption  sin  k x  =  kx  ,  for  small  values  of  kx ,  the  equation 
can  be  written  as: 


P(x,t)  =  P0  k::eJWt  (2.2) 

As  indicated,  both  individual  hydrophone  are  a  distance 
x  =  d/2  from  a  standing  wave  pressure  node  (x  =  0) .  The 
pressure  difference,  A  P  between  these  locations  can  then  be 
expressed  as: 


d  — distance  between  hydrophones 

Mg-free-fte/d  voltage  sensitivity 
for  individual  hydrophone 


Figure  2.2  Geometry  Used  in  Deriving  Sensing  Characteristics 
of  Acoustic  DiDOle  (Pressure  Gradient) 
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A  P 


P 


♦  d/2 


P 


or 


AP  =  P0  kd  (2.4) 

When  the  individual  hydrophones  are  equidistant  from  a 
pressure  node,  as  assumed  here,  the  pressure  difference  is  a 
maximum.  On  the  other  hand,  if  the  center  of  the  pair  is 
located  at  a  pressure  antinode,  pressure  difference  is  a 

minimum. 

B.  CALIBRATION  OF  GRADIENT  HYDROPHONES 

Usually  in  practice,  pressure  gradient  hydrophones  are 
calibrated  in  terms  of  pressure.  The  sensitivity  of  a 
pressure  gradient  hydrophone  is  usually  given  in  terms  of 
/o’:  t  s/mi  cropascal  <V/fJL  Pa),  specified  at  particular 
frequency  CRef.  101.  Plane  progressive  waves  are  specified 
in  the  definition  of  free-field  voltage  sensitivity.  Because 
of  the  difficulties  in  obtaining  free-field  conditions  at 
low  frequencies,  in  the  present  study  a  standing  wave  tube 
described  in  Chapter  III  Section  A,  was  used. 

According  to  Mills  CRef.  81,  a  free  surface  standing- 
wave  tube  system  satisfies  the  following  relationships  in 
the  ideal  case  (i.e.,  SWR  =  OO ) : 

p  =  pD  sin  kh  (2.5) 

=  (p0 /pc.)  cos  kh 


u 


(2.6) 


p/u  =  fj  c  tan  kh  (2.7) 

here  h  is  the  distance  from  the  air— water  interface. 

Its  is  assumed  that  the  hydrophones  have  negligible  effect 
on  the  standing  wave  pattern. 

In  this  report,  fiber  optic  hydrophone  free-field 
sensitivity  is  expressed  in  terms  of  mi croradi an/mi cropascal 
{ fJL -s.ti/lj  F'a)  .  And  rather  than  expressing  gradient  hydrophone 
sensitivity  in  terms  of  pressure  sensitivity  at  a  particular 
frequency  the  fiber  optic  gradient  hydrophone  sensitivity  is 
expressed  in  llrad/fl  Pa/cm.  The  procedures  to  obtain  fiber 
optic  hydrophone  sensitivities  are  discussed  in  Chapter  IV. 

C.  FIBER  OPTIC  ACOUSTIC  SENSOR  CONCEPTS 

Laser  light  transmitted  by  optical  fibers  submerged  in  a 
liquid  medium  may  be  modulated  (intensity  or  phase)  by 
?co_stic  pressure  variations.  Only  phase  modulation  of  such 
?n  acousto-optic  sensor  system  will  be  considered  here.  A 
retailed  discussion  of  the  theory  of  phase  modulation  is 
presented  by  Davis,  et  al  CRef.  71. 

When  an  external  pressure  field  <AP>  is  applied  to  the 
optical  fiber  it  changes  the  fiber's  physical  characteris¬ 
tics.  Changes  can  occur  in  the  core  radius,  core  length,  and 
the  optical  indices  of  refraction  in  the  core  and  cladding 
[Ref.  5  and  Ref.  61.  The  pressure  induced  changes  of  index 
and  of  length  cause  an  optical  phase  shift  A  (b  given  bv: 


A  Cp  =  nk0  i  C  ( l  /n)  <dn/dP>  +  < 1  /  JL  )  (d  £  /dP>  1  P 


(2.8) 


where  n  is  the  optical  index  of  refraction  of  the  core,  k0 
is  the  propagation  constant  of  light  in  the  fiber,  P  is  the 
acoustic  pressure  and  J?  is  the  length  of  the  fiber  subject 
to  the  pressure.  The  pressure-induced  length  change  (dj£/dP) 
i=  the  dominant  factor  at  low  frequencies  for  a  free  or 
mandrel  wound  fiber. 

Using  a  single  frequency  laser  source,  the  time 
variation  of  the  electric  field  vector  of  the  lightwave  may 

be  expressed  as: 


E(t)  =  E0  e::pCjC(J=t  +  A  si n  ((J-t >  3 >  (2.9) 

where  GJ„  is  the  angular  frequency  of  the  coherent  laser 
source,  GJ„  is  the  angular  frequency  of  the  sound  field  and 
A  is  the  phase  shift  amplitude. 

To  detect  such  phase  modulation  interferometric 
techniques  must  be  employed.  The  laser  light  is  first  split 
and  then  sent  through  both  the  sensor  fiber  and  reference 
fiber,  these  form  the  interferometric  system,  and  are  then 
recombined  to  give  an  intensity  (amplitude)  modulation  prior 
to  detection  by  the  photodetectors.  The  total  electric  field 
at  the  photodetector  may  be  expressed  as: 

Ex  -  E» (t)  +  Ez  (t)  (2. 10) 


E,<t>  is  the  electric  field  vector  from  the  sensing  arm 
r 


and  Ei-'.t)  is  the  electric  -field  vector  from  the  reference 
arm  (or  for  a  gradient  system,  for  the  second  sensing  arm). 

The  intensity  I(t>  of  the  recombined  beams  is 
proportional  to  the  magnitude  of  the  square  of  ET. 

Neglecting  terms  that  vary  at  angular  frequency  GJo  and 
2GJ0,  since  they  are  undetectable  by  the  photodetector ,  I(t> 
may  be  written  as: 

I  <t  >  0t  £ i 2 / 2  +  E==/2  +  §»•§=  cos(^)Jo  <  A) 

+  2E i •  E3  sin^)J1(A)  sinGJ.t 
+  2E  i  •  E=  cos(^)J2(A)  cos2GJmt 

+  2Ei-  E2  sin0J3(A)  sin3CJ«t  +  -  (2.11) 


where  E,  and  Ea,  represent  spatial  vectors  and  make  explicit 
the  fact  that  the  polarization  directions  may  not  be  the 
same . 

Thus,  from  equation  (2.11),  the  resulting  intensity 
function  consists  of  a  series  of  harmonics  of  the  acoustic 
frequencies.  The  amplitude  of  each  successive  harmonic  is  a 
function  of  the  acoustic  pressure  and  varies  as  the  Bessel 
function  of  correspondi ng  order  [Ref.  83. 

~hese  recombined  variations  of  optical  intensity  are 
detected  with  photodetectors  to  produce  an  electrical 
signal.  Thus  the  resulting  photodetector  current  has 
components  of  the  following  form: 


i  :t>  =  i  D  cos(^)C  JD(kx)  +  2^j3„(kx)  cosC2n  <6J«t )  3  3 

n  =/ 


-  1B  51 


in<j6c2  J2n*i  <kx)  sinC  (2n  +  l)  (GJ-t)  D>  (2.12) 


^=0  / 
where  Jn  is  the  Bessel  -function  o-f  order  n,  ©is  a  non 

acoustically  induced  phase  shi-ft  (which  itself  may  change 

due  to  changes  in  temperature,  for  example),  k  =  277"/  \  is 


is  a  non 


the  optical  wave  number  in  the  fiber,  and  x  is  the  amplitude 


of  the  acoustically  induced  optical  path— length  change. 
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III. EXPERIMENTAL  APPARATUS 


A.  ACOUSTIC  CALIBRATOR 

In  an  earlier  study  CRef.  83,  an  acoustic  calibrator  had 
seen  constructed  to  calibrate  -fiber  optic  gradient  hydro¬ 
phones.  However,  this  could  be  used  only  with  the  axis  of 
coils  of  the  hydrophone  aligned  along  the  axis  of  the 
calibrator.  Since  the  gradient  hydrophone  now  being  tested 
is  a  rigid  structure  with  the  individual  hydrophone  coils 
mounted  10  cm  apart  it  was  necessary  to  increase  the 
diameter  at  the  calibrator  tube.  A  rotating  apparatus  was 
■needed  to  turn  the  gradient  hydrophone  to  vary  the  angles  of 
the  hydrophone  axis  with  respect  to  the  acoustic  wave  vector 
inside  the  calibrator  tube.  The  new  tube  is  made  of  PVC  1120 
"vpa  12454-B  and  is  25.4  cm  in  diameter  and  is  56.4  cm  tall. 

the  calibrator  tube  is  mounted  around  the  face  of  the 
acoustic  driver  which  is  a  USRD  type  J-ll  projector  CRef. 

103.  To  compensate  for  the  water  column  a  hydrostatic  collar 
with  a  valve  is  placed  on  the  bottom  of  the  projector 
assembly.  The  valve  is  opened  and  air  is  pumped  into  the 
equalising  chamber  until  the  air  pressure  is  equal  to  the 
water  pressure  on  the  face  of  the  driver.  This  air  pressure 
is  measured  by  a  water  filled  U  tube  manometer  mounted  next 
to  the  calibrator  assembly.  The  complete  assembly  is  shown 
in  Fi  gu.re  3.1. 


V.  r*  INTERFEROMETRIC  SYSTEM 

:6r  =  t  the  -feasibility  o-f  constructing  and  rugqedizing 
Mv  or-  op  bone  for  sea  trial  a  laboratory  Mach- 
: nter f erometr ic  system,  operating  at  632.8  nm,  was 
r struted .  As  indicated  in  Figure  3.2,  it  consists  of 
-Neon  laser-  supo lying  1  aser  light  at  wavelength 
tn-  c  ugh.  a  2  >  2  i  nout  coupler  which  divides  the 
get  into  the  two  fiber  optic  sensor  arms.  In  one  arm 
r  light  travels  through  two  sections  of  the 
tion  controller  CRef.  113  and  a.  sensor  coil 
one)  to  a  2  X  2  output  coupler.  In  the  second  arm 
t  travels  through  one  section  of  the  polarization 
er  and  is  wound  around  a.  pi  ezoel  ectr  i  c  (PZT> 
and  passes  through  the  second  hydrophone  coil  to 
2  cutout  coupler.  The  coupler  recombines,  the  two 


o 


outputs  of  the  individual  hvdrophone  coils,  thus 
no.  phase  moouletion  into  amplitude  modulation 
ion.  Tm=  amplitude  modulated  signal  is  transmitted 
oa:  Nter  to  two  photodetectors  (photodiodes).  These 
the  recombined  light  into  electrical  signals  which 
.  tored  and  recorded  bv  the  instrumentation  package 
ribed  in  Section  G  of  this  chapter.  A  photograph  of 
er ♦ er ometer  system  without  the  gradient  hydrophone 
in  r l d u r e  3.3. 


Figure  3.2  632.8  nm  Mach-Zehnder  Interferometer 


•  ~b  optical  source  used  in  the  6-jl.b  nm 
■oraster  system  is  an  actively  stabilized,  single 
:>•  Helium— Neon  laser.  It  is  a  Coherent  Tropel  Model 
i  specifications  are  as  follows: 


0.7  to  0.9  mW  <s  0 . 6328  LJL 


i  a 2  Mod e  Struct u.r e r 


TEMoc 


Single  Frequencv 


ar  i  z  at  i  on : 


Li  near 


am  Divergence  (full  angle)  s  1.3  degrees 


tube  Noise: 


( 1 0Hz  - 1 0MHz  )  <  0 . 27.  ( RMS ) 


aquencv  Stability: 

Short  Term:  <  +  1  MHz  drift  per  5  minute 
interval  (.002)  PPM 

Long  Term:  Fundamental  frequency  varies  by  5  MHz 
per  degree  Celsius  ambient  temperature 
change  (.01  PPM). 

^iper  Specifications 

fiber  used  in  the  632.8  nm  interferometer  system 
T,'ps  T-1601 .  It  is  single— mode  fiber  optimized  for  a 
:zh  of  632.6  nm.  Its  construction  and  char  a.cter  l  st  l  cs 
wr.  in  Figure  3.4.  The  specifications  of  the 
1  ar  fiber  used  are  as  follows: 


ber  I dent . : 


S30420—  40 1 c 


efcrm  Nc . : 


EMT-22204B 


;i  amster : 


z.efh 


s  r  ■_:!  adding  Diameter:  y,5  U  m 


DIMENSIONS  SHOWN  ARE  NOMINAL  VALUES 


a 


i  SILICA 


«  CLACDiNG 


.nce*  o*  “Enaction  AACPiu 


Qt  0  T  01  19 

WAV6L£NGTm  141^. 

TYPICAL  SPECTRAL  ATTENUATION  -  SINGLE  MODE  OPTICAL  FIBER 
Figure  3.4  ITT  Single-mode  Fiber  T-1601 


3 


GE  6 


Si  1 i cone 


bheatn : 


Shea- 


a I  Diameter: 

er  i.i  at  i  cn : 


polyester  Hvtrei 
406 yU  m 

6.55  aB/Km  at  632.8  nm 


Lcio  1 er  s 

T~e  purpose  of  a  3  dB  coupler  is  to  split  the  light 
:  rtQ  the  arn!S  o4  the  interferometer  or  to  recombine 
7  pausing  the  light  from  the  two  arms  to  interfere 
■’..'.tout  -fibers  and  on  the  face  of  a  ohotodetector .  Thi 
a1'  3  X  2  single-mode  couplers  used  in  the  labor ator- 
•ometsr  we-e  manufactured  by  ITT.  The  speci  f  i  cat  i  ons 


co  y~  n  • 

—  1  I  4  a  ■ 


Cion  L'S.TP; 


JM-SM-164 

8309 1 8— 402b /EMC-4 1 5B 1 B 
2/11/84 


.3  c  c  Loss: 


0.1  dB 


0 . 2 


dB 


>c  waveienqtn: 


632 .8  nm 


■  a  1  Nos. : 

sr  No. : 

^ ic at ion  Date: 
ess  Loss: 
f ormi tv: 


JM-SN-165 


8309 1 8 -402b /EMC-4 1 58 1 B 


2/13/84 


0.2  dB 
0.  1  dB 
632. 


ratine  Wavelength: 


8  nm 


9-0^1  gctr:  c  Phase  Shifter 

The  phase  shifter  consists  of  a  lead  z  i  rcona.te-1  ead 
•are  ' p  Z  T>  cvlinder,  Channel  Industries  Tvpe  5500, 
id  which  the  fiber  is  tightly  wrapped.  The  cylinder  is 
r-  lone  by  3.8  cm  outer  diameter  with  wall  thickness  of 


v-rapDi  no 


Mp  P  ~Z  T  1  +  IaJ^c 


turns,  corresponding  to  7  m  of 
=,  possible  to  produce  a  relatively 


::e  optical  phase  shift.  The  shifter  has  a  sensitivity  of 


•Oi  t  .  ih 


e  calibration  of  the  F'ZT  is  discussed  in 


beet ion  A. 


Pci  i  z  at  i  on  Control  1  er 


A  polarization  controller,  as  described  by  Lefevre 
*  -  Ill,  was  employed.  This  device  is  equivalent  to 
ctional  wave  plates  of  classical  optics.  The  controller 
-  the  stress-  birefringence  induced  by  bending  the  fiber. 

.  r,l~:  C  t  od^t  5C  t  or  s 

The  dhc todetectors  used  t o  detect  the  optics!  output 
•  a  -  i  fca>-  from  the  i  nterf  erometer  are  Claire;-;  Type  CLE>-42 
••  --diodes.  They  are  all  silicon  PN  planar  diedes  with  high 
sarit.v,  low  dark  current  and  fast  response.  Their 
- "  •  *  leal  characteristics  are: 


-dive  Area: 


t  Circuit  Current: 


;r  Circuit  Voltage: 


our rent : 


1.3  X  1.3  mm 


0.40  volts,  tvpical 


1  nA 


unction  capacitance: 


200  pF 


-n  35  t-r  *-  =  11  Time: 


b  LL  sec 


"e-T.oer  at  ur  e  C  c  e  f  -f  i  c  i  ent : 


+  0.2/i/°C,  typical 


spectral  Response: 


0.91  (J. 


70  nm  INTERFEROMETRIC  SYSTEM 

s>-  cne  sea  trial  itself,  a  second  interferometric 
t-  again  m  a  Mach— Zehnder  conf riguration  as  indicate 
gore  3.5  was  constructed.  It  consists  o-f  two  830  nm 
esers  either  one  of  which  could  be  used  to  supply 
Th:  s  goes  through  optical  -fiber  to  a  2  X  2  input 
ri  '  anc  splits  the  light  into  the  two  arms.  The  output 
of  each  hydrophone  goes  to  a  3  X  3  output  coupler.  Th 
coupler  recombines  the  1 aser  light  and  sends  it  out 
:'!ree  xiber  leads.  The  two  fibers  used  on  the  output 
r-  the  coupler  go  to  two  photodetectors  (photodiodes) 
convert  the  recombined  iiqht  into  electrical  signal s 


and  recorded  by  the  instrumentation 


as  described  in  Section  G  of  this  chanter.  A 


is  system  is  shown  in  Fioure  3.6. 


£.er  bOLircp 


The  optical  sources  used  in  the  830  nm  interfero— 
system  are  Mitsubishi  Type  FU— 21LD  AlGaAs/GaAS  TJS 
averse  Junction  Stripe)  laser  diodes.  These  were 
led  witn  multi— mode  fiber  pigtails.  These  diodes  emit 


■  o u nd  85 0  n m  wavel enqt h  b y 


applying  forward  current 


;ia  c>e  noted,  tnat  according  to  the  manufacture,  at  a 
of  42  mA ,  the  light  output  changes  at  an  average 
£0  between  —20  °C  and  50  °C)  . 

F:ber  Specifications 

Tne  optical  fiber  used  was  ITT  single-mode  fiber, 

.6.0  optimized  at  0.83  m.  Specifications  of  the 
■  s  is  *  o  1  1  owe  ■ 


ppr  {  (jpnr  • 


8 1 092U— 1 7Bi c 


p-form  No.  : 


EMT-21972B 


lyrical  Anertur; 


0.  12 


"■s  Diamete*-;  4.57^L£m 

ter  C1  adding  Diameter:  75 fJLrn 


■  i ma^y  Sheath: 


c ond ar y  Sheath : 


tal  Diameter: 


i  en-'.iet  l  on ; 


GE  615  Silicone 
polyester  Hytrel 
406  fJLiri 

2.07  dB/Km  at  0 .  83 [JL m 


3.4  is  a  sketch,  provided  bv  the  manu.f acturer  of  the 
the  xiDer,  with  typical  dimensions,  approximate  index 
action  profile  and  typical  spectral  attenuations, 
fiber  from  the  3X3  output  coupler  to  the  photode— 
is  multi-mode  and  in  a  cable  containing  four  optical 
manufactured  by  F'balo  Optical  Division.  The  specifi¬ 
cs  are  as  follows: 


■z-  er  Type ; 


A04X  Series 


b  1  e  Di ameter : 


u .  u  mm 


"‘Or  p  D 

i  ameter : 

50  fj.  m 

21  ad  D 

x ameter : 

1 25  fJL  m 

?uf  f  er 

E>i  ameter : 

940  fJL  m 

i.vnsri 

cal  Ap  er  t  ur  e 

■ 

0 . 2—0 . 22 

~iD  £r 

Attenuat i on : 

4 . 0— 6 . 0  d  B / k m 

&  0 . 8 

2fjm 

Jpt  -_CB 

i  Bandwidth: 

200-800  MHz  km 

..  CQLt 

D 1  er  s 

a. 

Coup 1 e^  2  X 

2 

A  2  X  2  ITT 

sin 

ole-mode  coupler  was 

used  *f 

or  the 

n 

q 

i;i 

er ,  its  spec 

if  ic 

at i ons 

are  as  follows 

: 

S  e  r  1  3 1 

No.  : 

JM-SM-107 

F i  ber 

No.  : 

EMC 

4 1556C/830427— 

40 1  a 

Fabric 

ation  Date: 

6/02/33 

r  -;;g55  Less: 

0.  1 

dB 

fj-,  ^  -  nr 

7>  1  t  V  S 

0 . 2 

dB 

.'rr'rt 

iiq  Wave! eng 

th : 

0.  83  jj.  m 

Coupler  3  X 

An  ITT  3  X 

3  si 

ngle-mode  coupler  was 

used 

for 

Lit  put 

coupler.  Its 

.  specifics. 

tions  are  as  follows: 

Ser i ai 

No. 

JM- 

SM3-58 

Fi  ber 

No.  : 

EMC 

-41 556C/830427- 

401b 

Fa.br  i  c 

ration  Date: 

7/2 

4/84 

Excess  Loss: 

0 .  4 

dB 

;  in  -  -f  or  mi  tv  : 

1.8 

dB 
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jtosetectors 

“ne  pnct ooet ec tor s  used  to  detect  the  optical  output 
*:CSr  from  the  i nter f er ometer  are  Claire:-;  Type  CLD-41 
:  C'des.  Tnev  are  all  silicon  PN  planar  diodes  with  high 
i  : »  ,  low  dart  current  and  -fast  response.  The  eiectri- 


-e  Mr  ea: 


are  as  -follows; 


jrt  Circuit  Current: 


.■an  Circuit  voltage: 


r  Current 


unction  Capacitance: 


i  se  or  Fall  Ti me: 


emperature  Coe-f  -f  i  ci  ent : 


sal:.  Spectral  Response: 


1.3  X  1.3  mm 


min  6  to  max  12  [L  A 
0.40  volts  typical 


1  nA 


200  pF 


b  LL  sec 


+  .27./degree  C  tvpical 


0.91  fli 


S3"  PREPARATION  AND  SPLICING 

t~  single-mode  and  multi-mode  ootical  -fibers  were  used 
s?'peri  mental  systems.  The  preparation  -for  splicing  is 
r  for  both.  The  plastic  coating  over  the  glass  fiber, 

>  Hytrei ,  must  be  removed  by  using  a  sharp  razor 
The  blade  is  placed  at  a  very  small  angle  to  the 
a  surface  and  the  fiber  is  drawn  to  the  blade  to 
te  the  plastic  from  the  fiber.  After  most  of  the 
c  is  removed,  the  fiber  is  dipped  into  a  bath  of 

~c  i  d .  This  turns  the  remaining  plastic  into  a  jelly 


ce,  The  +ifcer  is  then  dipped  into  distilled 
3Eed  tnnough  a  menthanol  soaked  tissue  wiper, 
n  a  clean  square  end  on  the  -fiber  it  is  then  put 
optic  cleaving  tool  made  by  Thomas  Betts 
ear  square  end  is  necessary  to  achieve  a  qooo 
ends  of  both  must  appear  like  A  in  Figure  3.10. 

■-  was  spliced  together  u.sma  a  Model  PFS— 200 
s’,  fioer  splicer  made  by  Power  Technology 
.  After  preparing  the  two  fiber  ends,  they  are 
t  -  e  splicer  anci  mechanically,  as  well  as 
licned.  The  optical  alignment  of  the  two  fibers 
by  me:  i mi s 1  no  the  laser  light  transmitted 
-iter  cores  at  the  output  of  the  second  fiber. 

ta sen  to  eliminate  light  transmitted  through 
.  This  can  be  done  by  coating  a  section  of  the 
the  O'.tput  fiber  with  black  paint.  Then  once  the 
■  e  aligned,  one  is  moved  in  approximately  1  fl  m 
er  to  allow  a  small  amount  of  glass  to  melt  and 
rd  splice.  The  splicer  has  settings  for  Ramp 
me  and  Arc  Current  and  these  must  be  determined 
*  or  each  pair  of  fibers  to  be  joined.  For  two 
fibers  of  both  632.8  nm  and  830  nm  wavelength, 
i meetly  determined  that  a  F:amp  Time  of  0.2  sec, 
0.5  sec  and  Arc  Current  of  15  mA  produced  the 
»  cor  single-mode  to  multi -mode  fiber  the 
e  0.1  sec,  0.4  sec  and  14  mA  respectively.  If 
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c  be  successful  the  core— to— cor e  al i onment 
own  in  D  of  in  Figure  3.11  ano  tine  neasured 
main  nearly  the  same  alter  fusion  as  it  was 


pi  ice  was  Race  Scotch  tape  was  placed  over 
rotect  it  from  being  brolen  by  mechanical 
ter  stages  of  development  a.  splice  protector 


S  u m 1 1 o mo.  Inc 


r  o  o  .  t .  3  5  c  m 
d  i  a  merer  ne.-rt 


heat  shr i n 1 


she  sp lice  and 


.  was  used.  This  consisted  of  a 
in  length  with  heat  shrink  tub- 
to  the  rod  and  both  covered  by 
tubing.  This  provides  strength 
prevents  bendi ng /break! nq . 


STRUCT  I ON 

s  experiment  Cs'ef.  S3,  the  fiber  optic 
Elated  of  loosely  bundled  coils.  For  the 


ent  a  design  was  needed  to  package  the  fiber 
hydrophone  fo"  sea  trial.  The  design  used 


t  o'- o',  dal  c * 


shape  £ Ref. S3  but  an  effort  was 


coils  on  a  mandrel  in  a  wav  that  allowed  the 
to  influence  fhe  fiber  without  degradedati on 
it/.  The  posting  material  used  is  a  low 
.  St yeast  12663. 

was  begun  bv  pouring  epoxy  into  a  mold  that 


made  p  y  Emerson  and  CiMninq 


we  =•  ail  owed 


a r  c  i  .  n  c  m  in  n  pi  Qrt  . 
st  •_  rc  i-.  f-  ■■  -  -  wc  c  a  '■■■■  i  et  i  od  .  This  epn 

in-el  j  r<to  a  bobbin  shaped  mandrel  .  wi 
r<  ^  i  t  .3  rrj  7  r~,  nei  ont  w  1 

wi  d fcH  and  0.  20  cm  in  depth :  as  shown 
w  1  '■  d  1  r  a  .  the  ■  n  enamel  was  th 
with  n  second  mand-’e)  .  The  second 
c*  i  ■"!  t  a  «£■  7  •  out  and  output  leads  ot  the 

t.cin  r.sr:dre:s  was  then  mounted  on  e. 

-  wn  1  c--  rotated  at  3  r pm.  A  thin  i  aye 
shed  onto  toe  first  mandrel .  The  mot o 
f 1 t»r  was  wound  onto  the  mandrel  to 
the  sensor.  A  second  and  third  layer 
n  a.  similar  manner ..  Atter  all  three 
ndrsl  an  cuter  coating  of  fiber  was 
o/e  so  the  height  of  the  wail  of 
. 12b.  Three  layers  of  fiber  we'e 
meters  cf  +• ter  to  be  wound  on  the 
has  two  meters  of  lead  at  each-  end. 
■>ed  mandrel  is  shown  in  Figure  3.  13. 


aoar  t 


_«n 


ar 


tu.De 


(8  times  actual  size)  (cm) 


: n  diameter.  The  optical  Tiber  was  run  through  a 
-g  the  a.y  i  s  tc  an  outlet  at  its  center  where  the 
e  orought  to  the  input /output  couplers.  This  -formed 
or  coil  portion  of  the  gradient  hydrophone  as  shown 

330  o -Ti  Gradient  Hydrophone 

-fter  both  single  hydrophones  we^e  determined  to 
si  optical  pa.tn  lengths,  7  m  in  each  arm  to  within 
they  were  fused  to  the  input  2  X  2  coupler  and 
X  3  coupler.  Each  individual  hydrophone  was  wound 
Ion  mandrel  of  4.13  err-  in  outer  diameter  and  1.27  c 
ness.  The  optical  fiber  was  wound  on  the  center  par 
oindsl  which  was  3.91  cm  in  diameter  and  0.95  cm  in 
nese  individual  hydrophones  were  then  mounted  onto 
T  shaped  bar,  10  cm  apart ,  that  accommodeteo 
put  and  output  couplers  or  the  too  of  T  between 
r  ophones. 


c  fibers  were  then  passed  through  the  bottom 
T  into  a.  short  piece  of  tygon  tubing.  The  830  n 
i -mode  pigtails  are  fused  to  the  single— mode 
of  the  input  coupler,  one  laser  to  each  lead, 
fibers  from  the  output  coupler,  which  are  single 
fused  to  multi— mode  fiber  which  went  to  the 
ors.  The  entire  hvdrophone  was  dipped  in  a 
ting  material  to  protect  the  various  fiber 
no  completed  unit  is  shown  in  Figure  3.15. 


rrUre  3 . 1 r'  33n  nn  Crnrlient  Hy<iro^honn 


INSTRUMENTATION  AND  DATA  ACQUISITION  SYSTEM 


The  1 nstru.mentati on  and  data  acquisition  system  used  in 
both  the  laboratory  and  sea  trial  phases  is  shown  in  Figure 
3. 16.  Computer  data  acquisition  was  used  for  portions  of 
data  taking  using  the  program  in  Appendix  A.  The  Hewlett- 
Packard  35F  computer  coordinates  the  peripherals,  recorded 
and  displayed  the  data,  as  shown  in  Figure  3.17.  The  follow¬ 
ing  is  a  brief  description  of  each  instrumentation  unit. 

1 •  Computer  HP-85F 

The  HP-S5F  is  an  eight  bit  mi croprocessor  that 
utilizes  BASIC  computer  language.  The  computer  has  as 
standard  16K  bytes  of  read/write  memory  and  16K  bytes  of 
additional  memory  to  give  the  system  a  total  of  32K  bytes. 
The  computer  has  a.  127  millimeter  diagonal  black  and  white 
el ectromagnetic  CRT.  A  32  character  per  line  thermal 

i n ter 'pi  otter  is  part  of  the  unit.  Programs  or  data  may  be 
stored  on  and  read  from  magnetic  tape  cartridges.  To 
interface  with  peripheral  equipment,  an  I/O  ROM  and  an 
interface  card  were  added  to  provide  HP- IB  (IEEE  standard 
4S3-1P75)  instrumentation  capabilities. 

2 .  Svnthesi zer /Function  Generator  HP-3325A 

The  Hewl ett-Pac kard  model  3325A  synthesizer/f unction 
generator  can  produce  three  kinds  of  waveforms  sine,  square 
and  triangular.  The  frequency  range  for  sine  waveform  is 
P'OT'  1  mif-coHertz  to  21  megaHertz ,  frequency  resolution  of 
1  mircoHertz  below  100  kiloHertz  and  1  milliHertz  above  100 


-.1  loHertz  with  accuracy  of  +  5X10—**  of  selected  value.  The 
jutput  amplitude  is  -from  0  millivolts  to  10  volts  peak  to 
peal:  into  a  50  ohm  load.  This  model  is  -fully  programable 
through  a  HP— IB  connection.  For  this  experiment  sine  waves 
o-f  various  frequency  and  amplitude  were  used. 

7 .  Spectrum  Analyzer  HP— 3582A 

The  Hewlett-Packard  model  3582A  is  a  dual  channel 
spectrum  analyzer.  This  instrument  has  a  frequency  range  of 
0.02  Hertz  to  25,600  Hertz.  The  analyzer  has  a  11.9  by  9.6 
:p  CRT  that  can  display  two  simultaneous  information  traces, 
plus  four  lines  of  alphanumeric  data  giving  measurement 
confriguration  and  results.  Frequency  spans  from  1  Hertz  to 
25,000  Hertz  full  scale  allow  flexibility  in  selecting  the 
portion  of  the  spectrum  to  be  analyzed.  Spans  from  5  Hertz 
to  25,000  Hertz  can  be  positioned  anywhere  within  the 
frequency  range  of  the  instrument  to  provide  excellent 
- - -auencv  resolution.  The  instrument’s  "front— end" 


sensitivity  ranges  can  measure  and  analyze  from  1  microvolt 
to  31,6  volts  and  has  a  dynamic  range  of  70  dB. 

4 .  Qsc ill oscope  CQ5-5060 

The  Kukisui  model  C0S-5060  oscilloscope  is  a  dual 


channel  60  MegaHertz  instrument.  Its  vertical  system 
c-'ovides  calibrated  deflection  factors  from  5  millivolts  to 


5  volts  per  division,  with  an  accuracy  of  +  37..  The 
horizontal  system  provides  calibrated  sweep  speeds  from  50 


enable  stable  triggering  over  the  -full  bandwidth  of 
the  vertical  system.  This  unit  is  used  as  a  monitor  of 
signal  from  the  LC-10  and  the  optic  fiber  hydrophones  only. 

5 •  Digital  Multimeter  HP-3478A 

The  Hewlett-Packard  model  3478A  digital  multimeter 
was  used  to  monitor  the  potentiometer  on  the  hand  rotation 
device  to  obtain  the  approximate  position  of  632.8  nm 
gradient  hydrophone  during  the  laboratory  phase.  It  was  also 
usee  to  monitor  the  resistance  of  the  heliopot  potentiometer 
on  the  rotating  motor  to  give  the  approximate  position  of 
the  hydrophone  during  the  sea  trail  phase.  The  resistance 
measurement  range  is  from  100  microohms  sensitivity  to 
•70  megaohms. 

6.  Bipolar  Power  Amplifier  PQW55-1A 

The  Kikusui  model  P0W35-1A  bipolar  power  amplifier 
was  used  to  drive  the  J-ll  projector  in  both  the  laboratory 
and  sea  trail  experiments.  It  can  supply  power  from  —35 
-pits  so  +35  volts  continuously  at  1  ampere.  The  Kikusui 
will  operate  as  a  DC  source,  frequency  response  of  slow 
5  Kilohertz  at  +  3  dB  or  frequency  response  of  fast  30 
hi  1 o Her t z  at  +  3  dB.  It  has  a  10  turn  potentiometer  with 
which  to  adjust  output  voltage  gain. 

7 .  Digital  Multimeter  HP-3456A 

The  Hewlett-Packard  model  3456A  digital  voltmeter 
was  used  to  monitor  the  voltage  output  of  the  J-ll  projector 
during  the  laboratory  and  sea  trai 1  phases  of  the 
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experiment.  For  AC  r.m.s.  voltage  the  voltmeter  measurement 


range  is  -from  0  to  10  volts  +  10  microvolts  with  6  digit 
resolution  and  input  impedance  o-f  1  megaohm  +  0.57.  shunted 
bv  75  picofarads. 

S.  Standard  Hydrophone  LC-10 

An  LC-10  hydrophone,  (serial  No.  2167  in  calibrator 
a.r.d  No.  Acj95  in  sea  trial)  was  used  as  the  standard 
hydrophone  for  sensitivity  determi  nati  ona  of  the  individual 
and  gradient  fiber  optic  hydrophones.  Average  free  field 
voltage  sensitivity  for  this  hydrophone  is  specified  by  the 
jt  -  nnf  act  urer  to  be  —209.2  dB  re  1  volt/yLi  F'a. 

9 .  Projector  J-ll 

A  J-ll  projector  was  used  as  the  sound  source  both 
in  the  laboratory  and  at  sea  for  testing  the  hydrophones. 

Its  operating  range  is  from  20  Herts  to  12  kiloHerts.  The 
•'.a  loom  power  above  100  Herts  is  200  watts.  The  efficiency 
r  the  J-ll  is  approximately  -28  dB  re  ideal  at  1  kiloHerts 
-ng  the  driving  impedance  i s  23  ohms  at  1  kiloHerts.  The 
me  i  hum  depth  allowed  for  operating  the  J  — 11  is  23  m. 
however,  if  the  J-ll  is  operated  below  100  Herts  the 
'espor-se  characteristics  change  as  a  function  of  depth. 

H.  SEA  TRIAL  EXPERIMENTAL  APPARATUS 

The  sea  trial  experimental  apparatus  ,  as  constructed  for 
testing  the  directional  properties  of  the  fiber  optic 
g-  ad  lent  hydrophone  and  for  comparison  with  a  standard  DIFAR 


f directional >  hydrophone.  The  apparatus  was  used  to  hold  the 
J-ll  projector,  a  rotating  motor,  a  four  channel  pre¬ 
amplifier  for  the  piezoelectric  hyrophones  and  used  to 
support  the  hydrophones  themselves,  as  shown  in  Figure  3.18 

a  tr.nd  b  „ 

The  sea  trial  apparatus  was  designed  for  use  on  the  R/V 
Acania.  It  consists  of  the  J— 11  projector  and  a  watertight 
instrumentation  package  mounted  on  a  rigid  structure.  The 
r :  s i  d  structure  is  made  of  aluminum  U  channel  that  is  2.26  m 
i  length  and  0.122  m  in  width.  It  has  two  cross  pieces  of 

Co  aluminum  bar  that  is  0.051  m  X  0.051  m.  One  is  1.22  m  in 

length  and  the  other  is  0.61  m  in  length.  These  are 
-smforced  with  a.  piece  of  aluminum  bar  welded  below  the  box 
pieces  which  are  used  to  support  the  J-ll  projector.  At  the 

opposite  end  of  the  U  channel  is  a  rectangular  plate  used  to 

support  the  watertight  cannister  which  contains  the  rotating 
motor  and  the  pre-amplifiers  for  the  DIFAR  phase,  the  830  nm 
lasers,  and  the  photodetector s  for  the  fiber  optic  phase  of 
the  sea.  trials.  To  counteract  the  buoyancy  caused  by  the 
watertight  cannister  and  maintain  the  apparatus  horizontal 
while  submerged,  counter  balance  weights  of  lead  were  added, 
100  pounds.  A  detailed  sketch  of  the  top  and  side  views  of 
the  apparatus  is  shown  in  Figure  3.19  a  and  b. 

The  center  of  the  J-ll  projector  is  suspended  approxi¬ 
mately  1.22  m  below  the  alu.minu  m  U  channel  and  1.69  m  from 
the  test  hydrophones.  The  cannister  holds  the  hydrophones 
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LC-lOJb 


-17  m 


DIFAR 


§ 


Apparatus 


srox  j mate!  v  l  .  _  c  m  Del  ow  tne  aluminum  U 


a  60  hertz  1 15  VAC  Hurst  synchronous  motor, 
sal  rqm  rotation  rate  and  can  be  used  in 
counterclockwise  di recti  on .  Attached  to  the 


potentiometer  made  by  Hell  pot  which  na.s 


ims  to  10  kiloohme  +  5%  correspond  1  no  to 


i  near  i  t  v  of  +  0 .  i  \ 


used  tor  the  DIFAR  hydrophone 


tf~ai  1  tests.  It  had  tour  Burr-Brown  DPA111 
■Tiers  to  boost  the  signals  from  the  omni  . 
vdrophones  of  the  E>IFAR,  a  bender  vane 
or  the  reference  LC-10  hydrophone.  The 
ouad— amp  1 1 1 1 er  system  is  shown  in 


cannister  was  designed  and  built  to  hole 
r  and  the  pre-amplifier  electronics  tor  the 
for  the  fiber  optic  phase,  the  rotating 
and  the  photodetector s .  The  mai n  sect i on 
was  PVC  Type  12454-B  piping  of  25.4  cm 
d  45. 1  cm  in  length.  It  had  flat  PVC 
ick ,  for  upper  and  1 ower  ends.  Through  the 
ies  entered  the  cannister  with  O'nng 
Af  the  1  o wer  end  a  cm  F'VC  1  120  AS T H 

iping  was  glued  into  the  plate.  This 


steel  tube  to  be  run  from  the  motor  to 


Figure  3.20  Quari-Ampl i f i 


"  vrirnpriones,  maintaining  the  watertight  integrity  o-f  the 
mater  ie  permitting  rotation  o-f  the  hydrophones, 
r-taining  the  watertight  integrity  was  accomplished  by 
nq  a  potting  material  and  rubber  tape  at  the  bottom  end 
the  steel  tube  and  around  the  wires  that  entered.  The 


tube  can  accommodate  either  wires  or  optical  -fibers. 


EXPERIMENTAL  PROCEDURES  AND  RESULTS 

:rqme~er  character i stics 

mpletino  construction  o-f  the  632.8  nm  interfero- 
em .  shown  in  Figure  3.2,  a  test  was  conducted  to 
rca er  operation.  Detailed  measurements  were  taken 
e  the  amplitude  o-f  the  optical  phase  shift  as  a 
the  drive  voltage  applied  to  the  fiber  wrapped 
ic  cv’inder  in  the  reference  arm  of  the  interfer— 
the  time  of  these  tests  only  one  sensor  coil  was 
the  interferometer,  i.e.  refering  to  Figure  3.2, 
coil  shown  in  ths  lower  arm  was  not  included. 

diagram  of  the  instrumentation  used  for 
;a La  with  the  system  is  shown  in  Figure  4.1.  A 
>f  variable  amplitude  and  frequency  f  was 

the  synthesi  cer /f  uncti  on  generator  HP-3325A  and 
the  PZT.  A  HP-3582A  spectrum  analyser  and  a 
kueuz  oscilloscope  were  used  to  monitor  the 
i  one  of  the  photodetectors. 

ig  to  equation  (2.11),  the  AC  portion  of  the 
:or  signal  is  proportional  to  a  sum  of  Bessel 
To  test  the  characteristics  of  the  interferometer 
ectric  cylinder  is  driven  at  a  fixed  frequency  to 


amplitudes  of  the  fundamental  and  nth 


order 


Function 
Genera  tor 


Spec  trum 
Analyzer 


Figure  4.1  Block  Diagram  of  Instrumentation  System 


Fundamental 
2nd  Harmonic 


ectric  Phase  Modulator  Response 


''  .  *  e?  =  ed  .  tc  f  1  r.d  the  approximate  pea1  amol  i  tude  of  the 
'  .••-camer-tal  .  The  computer  approach  employed  was  a  five  point 
:  a- ■  -to]  :c  least  squares  -fit.  A  minimum  ot  five  amplitudes 

required  to  run  the  least  squares  fit.  The  five  points 
e  obtained  by  determining  a  relative  peat  and  using  the 
i-o  amplitudes  on  either  side  of  it.  The  relative  peat:  was 
bet  ■■  m :  n  ed  ty:  first,  ar  amplitude  being  less  than  the 
:  i  ou=  amplitude;  second,  taking  the  next  amplitude  which 

•_£'  t>e  ’ess  than  the  previous  two  amplitudes. 

r - e  following  general  equation  was  used  for  the 


A(z)  =  az=  +  bz  +  c  (4.2) 

-•  e-'-e  z  was  the  J-ll  drive  voltage  at  each  increment.  The 
11  drive  voltage  (zm««),  where  the  maximum  for  the  fiber 
~  dr  nohone  occurs,  was  determined  by  taking  the  partial  with 

a  s ■  ■  act  to  z  ; 

(3  A  < z  >  /  (3 z  i  m«*  =  0  =  2azm.„  +  b  (4.3) 


=  -b/2a  (4.4) 

w n e r e  a  and  b  are  coefficients  for  the  least  square  fit  of 
-i  . e  reasur ements .  To  obtained  the  coefficients,  the 
*oi  lowina  series  of  equations  were  used: 

±Z  *2 

X=  =^X*  =  =  f—:,  - 


At  1  = 


( 4 . 5 ) 


"  e  -  i  =  -  r,  + 

i  0  giving: 

X-  =  =  4  §=a  -  2  (5b  +  c  -  A_2 

(4.6) 

X-1  =  (5=a  -  (5  b  +  c  -  A_, 

(4.7) 

O  =  C  —  An 

(4.8) 

X1  =  5=a  +  (5  k  +  c  ~  a. 

(4.9) 

X=  =  4  6*a  +  2§b  +  c  -  a3 

i 4 . 10) 

find  ii  s  v  3. 1 

is  a  minima 

ues  o-f  the  coe-f-f  icients  a,  b  and  c  at  which 

m.  the  following  conditions  mus  hold: 

6X=/(3alo  =  0 

(4.11) 

0X  =  /3b!o  =  0 

(4. 12) 

6X3/5c!^  =  ° 

(4,13) 

"■  2,  r  •  i  n  c  e?  cu.st 

ions  4.5  through  4.12  generates  the  fol 

1  owing 

3  4  <5 3 

a  +  10c  =  4<A-k2  +  A_=)  +  (A^x  +  A-x) 

(4. 14) 

S 

b  =  C2(A-^3  +  A-3>  +  A<- 1  -  A_ i  ]/l 0 

(4. 15) 

20(5=8 

+  10c  =  2  ( A^-2  +  A_  =  +  A*,  +  A-x  +  A0) 

(4. 16) 

tr acting  (4. 

15)  -from  (4.13)  gives: 

<52* 

=  C2  (A»2  +  A_2  -  An  -  Ah-x  -  A—  i )  1/14 

<4. 17) 

y  4 . 

14) 

and  ( 4 . 16) 

to  f i no 

the  coefficients 

1  s 

the 

•J-ll  drive 

vol tage 

increment,  gives 

c  d  .  wher  e  §  is  the  J  —  1  i  drive  voltage  increment,  gives 
e oust  1  on  (4.3)  . 

Since  tne  Bessel  -function  is  approx i matel y  linear  about 
>!-:=  zero  crossing,  the  output  voltages  were  calculated  -for 
O’i  and  5*:  less  than  and  greater  than  the  zero  crossing 
cl  tage  using  che  -following  equations: 


X(l)  =  INT(1.873*zm.») 


(4,18) 


X (2)  =  INT(1.977*zm«„) 


(4.19) 


X (3)  =  I NT (2. 185*zm«w ) 


( 4 . 20  > 


X ( 4 )  =  I NT (2. 289*zm«„ ) 


(4.21) 


.inea.n  ex  tr  aool  at  i  on  of  the  calculated  3-1 1  drive  voltages 
t pen  oer-formed  to  obtained  the  average,  which  is  taken 
-s  tf"  e  intercept.  The  LC— 10  output  voltages  for  the 
Eaoective  J-ll  drive  voltages  were  also  linearly 
=  : 'trfDoie.ted  to  obtain  the  average  LC— 10  output  voltage  at 
.he  20ro  cr0S5i no . 


CALIBRATOR  CHARACTERISTICS 

Upon  completion  of  construction  of  the  calibrator,  as 
escribed  in  Chapter  III  Section  A,  its  various  resonance 
■'  eocenci  es  were  determined.  These  were  at  218  Hertz,  432 
'ertz ,  517  Hertz  and  683  Hertz.  At  these  resonance 
r eocene i es  the  positions  of  the  various  pressure  maxima 


minima  were  determi ned . These  vieided  values  -for  the 
soeed  o-~  sound  at  ea.cn  frequency  in  the  calibrator  -for  a 
-  are'*  dscth  of  49.6  cm  as  tabulated  in  Table  II. 

TABLE  I  I 

Calibrator  Speed  o-f  Sound 


-ess  values  o-f  sound  speed  yield  an  average  speed  o-f  sound 
me  calibrator  o-f  c  =  28,600  cm/sec  +  6 . 3 '/. . 

~h=  standing  wave  pressure  -field  within  the  calibrator 
.  .a  n  red  using  the  LC- 1 0  standard  Hydrophone.  Its  outpu. 

“SC  rib  .  a  function  of  depth  is  tabulated  in  Table  III. 

_  J  ■  ■  o--o  actor  was  driver  at  700  mV.  The  i_C-—  1 0  output 
-  =._=  deotn  the  calibrator  is  shown  graphically  in 

~  ;re  4.4.  Readings  below  37 . 5  cm  were  not  obtained  since 
[.pr;  not  needed  for  the  gradient  hydrophone  sensitivit 
c  i  r  t :  o"i  of  the  tests.  Figures  4.5,  4.6  and  4.7  show  the 
star  c-i  nc  wave  acoustic  field  at  the  resonant  frequencies 
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ho  and  218  Hz 
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D.  INDIVIDUAL  SENSOR  SENSITIVITY 

The  individual  632. S  nm  -fiber  optic  hydrophone  sensiti¬ 
vities  tor  were  determined  in  the  calibrator  described  in 
Chapter  III  Section  A.  The  sensitivity  o-f  hydrophone  #2  was 
obtained  while  the  i nter-f erometer  contained  only  the  one 
hydrophone  coil  in  one  arm  and  had  a  -fiber  wound  piezoelec¬ 
tric  (F'ZT)  cylinder  in  the  other  arm.  The  hydrophone  coil 
was  positioned  at  the  various  pressure  peaks  at  each  of  the 
+  ou.r  resonant  -frequencies.  The  computer  program  described  1 
section  B  and  listed  in  Appendix  A  was  used  to  -find  the 
approximate  LC-iO  voltage  output,  i.e.  the  acoustic 
pressure ,  where  the  i  nter-f  erometer  output  nulled.  The  outou. 
o-f  the  photodiode  was  sent  to  the  spectrum  analyzer  HP-3332 
and  to  the  oscilloscope  Kikusui  C0S5060  so  that  the 
amplitude  o-f  its  various  -frequencies  component  could  be 
monitored  and  recorded  by  the  computer.  The  instrumentation 
system  used  -for  the  data  acquisition  is  the  same  as  shown  i 
E i  gure  4.1. 

After  the  initial  computer  data  acquisition  runs  were 
completed,  data,  also  was  obtained  by  hand  at  each,  c  al  i  fc-~s~  o 
-  esc nance  to  determine  as  closely  as  possible  the  zero 
crossings  of  the  fundamental  and  the  2"d  harmonic  of  tie 
i  nter-f  erometer  output.  A  graph  of  such  data  obtained  at  51? 
>-*2  -'witf-  coil  depth  at  40. 5  cm)  is  shown  in  Fioure  4.2  and 


i  s  t  <=*  d  i  n 


controled  d at a 


The  sensitivities  obtained  for  both  hydrophones  #1  and 


#2  were  different  even  though  10  m  of  fiber  was  wound  on 
each  mandrel .  The  difference  could  be  due  to  the  fact  that 
portion  of  the  leads  of  hydrophone  #2  were  in  the  calibra¬ 
tion  tube  during  data  acquisition  for  hydrophone  #1.  To 
determine  if  the  presence  of  the  leads  of  hydrophone  #2  wer 
bai sing  the  results  of  the  sensitivity  of  hydrophone  #1,  al 
but  a  few  centimeters  were  removed  from  the  water  and  hvdro 
phone  #1  was  set  near  a  pressure  maxima  (9  cm)  for  683  Hz. 
hydrophone  112  was  also  tested  in  this  manner  to  check  for 
consistency  of  the  sensitivity  when  it  was  the  only  hydro¬ 
phone  in  the  interferometer.  The  data  obtained  by  hand  for 
hydrophone  #2,  as  the  only  hydrophone  in  the  interferometer 
was  within  0.47.  of  that  obtained  when  it  was  part  of  the 
gradient  hydrophone  at  the  resonant  frequency  of  683  Hz. 

The  LC-10  output  voltage  at  the  fundamental  minimum 
which  occurs  at  a  optical  phase  shift  of  3.83  radians  and 
the  known  sensitivity  of  the  LC— 10  hydrophone  are  combined 
to  determine  the  sensitivity  o+  an  individual  fiber  optic 
hvdropnone  using  the  following  equation: 


H. 


—  i 


H3/U. 


<  J  .  L_  > 


where  Mlc-io  is  the  sensitivity  of  the  LC-10  hvdropnone  in 
vo  1 1  s  /  jj.  Pa  obtained  from  the  manufacturer  '=  specifications 
(Chapter  3  Section  G.8) ,  VVc— io  is  the  output  voltage  of  t 
LC-10  at  the  fundamental  minimum.  hV  is  the  sensitivitv 


OO 
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of  a  -fiber  optic  hydrophone.  The  sensitivities  of  the 
individual  -fiber  optic  hydrophones  are  indicated  at  the 
calibrator  resonant  -frequencies  in  Table  V. 

TABLE  V 
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680  Hz  calibrator  resonant  frequency.  The  gradient  Hydro¬ 
phone  was  positioned  so  that  one  hydrophone  was  5  cm  above 
and  one  5  cm  below  the  pressure  minima  with  the  LC— 10 
reference  hydrophone  at  the  mi ni ma  i t sel f .  The  i nstr umen t — 
aticn  system  used  is  shown  in  Figure  4.9. 

The  J-ll  projector  drive  voltage  was  increased,  as  in 
the  individual  hydrophone  sensitivity  data  acquisition, 
until  a  zero  crossing  was  located  for  the  fundamental  at  a 
particular  frequency.  Since,  the  LC— 10  output  voltage  at  a 
pressure  minima  was  very  low  it  could  not  be  used  in  earnout 
ing  the  gradient  hydrophone  sensitivity  directly.  Therefore 
the  LC— 10  hydrophone  was  moved  to  the  maxima.  10  cm  from  cn 
water  surface,  while  the  fiber  optic  gradient  hvdropnone 
remained  centered  at  the  minima. 

The  output  voltage  ,  and  the  sensitivity, 

Muc-io,  of  the  LC-10  were  used  to  find  the  pressure  Fym.  m 
the  following  equation: 


^  rm»  —  VLC— io/M|_c— lO 


The  peak  pressure  F-0  or  P„,«M  is  calculated  from  the 


following  equation: 


Fn  =  -\  /  2  P 


f  4 . 24 


The  maximum  pressure  gradient  V  F1'  is  calculated  from  tne 
following  equation: 


VP  =  k  P  o 


<;  4 2 


□r 

VP  =  27T  F'c/'X 

where  k  =  2  7T'  X.  i 5  the  wave  number  and 
of  the  resonant  sound  in  the  calibration  tube. 

The  sensitivity  of  the  gradient  hydrophone  can  be 
calculated  directly  by  using  the  following  equation: 

Mom  =-  3.  33/  VP 


X 


is  the  wavel  enc¬ 


ipher  e  MSh  is  tfie  di  rect  1  y  cal  cul  at  ed  sens!  1 1  vi  tv  of  tne 
fiber  optic  gradient  hvdrophone  and  3. S3  is  the  phase  shi  f 
in  radians  when  the  pressure  gradient  is  sufficient  to  nul 
the  amplitude  of  the  fundamental  interferometer  response. 
The  units  of  the  fiber  optic  gradient  hydrophone  sensitivi 
are  jJL  rad/ fJiPa/cm. 

The  fiber  optic  gradient  hydrophone  sensitivity  is 
calculated  indirectly  by  using  the  sensitivities  of  both 
i  "dividual  hydrophones  in  the  f  o  I  lowinc  sanation; 

Mio  =  -  0  =  >  /  V  P 


wnere  !t10  is  tne 
sensitivity.  0! 


indirecti v  calculated 


and 


are  the  chase 


gradient  hydr  oc-“  o  n  = 
shifts  in  the 


individual  hvdrophones,  respectivelv  CRe+ 
The  phase  shifts  can  be  calculated  bv 
si  i=  and  tr.a  sans:  1 1  -’ities  of 


Cr  "I 
u  J  • 

using  tne  nroqo m 


each 


d :  v  i  au.a 


0=  =  p_*mm= 

where  F'_*  and  F‘—  are  the  pressure  amolitudes  at  the 
individual  hydrophone  location  and  riM1  and  HH2  are  the 
sen si t i vi t 1 es  of  the  r espect i vs  i nd i v i dual  hvdropnones 
linear  appro:;  i  mat  i  on  at  a  pressure  in  the  standi  no  wav 

P  ♦  =  V  P  1  d  /  2  > 

S  u 0 s t i t  u 1 1 n g  equations  (  4 , 3  0 )  ,  (4.31)  and  (4.32)  into 

c  e  n  e  r  aces ; 

M  x  D  =  Fv  L  Mm  t  +  Hh2  3  /  VP 

and  suost i tut i no  equation  (4.27)  into  (4.33)  generates 

Mid  =  [  Mh  i  +  Mm=3  /  C  2  /  A  !•!  1 


where  A  '  =  d  =  10  cm. 

The  di recti v  calculated  sensitivity  for  the  032.0 
i  n  t  e1^  +  er  omet  r  i  c  fiber  optic  prgdient  hydrophone  at  6S 


Mqh  =  0.097  +  0.011  fJL  rad  '  (JL  F'a/cm. 

"he  average  value  used  for  Vuc.10  was  12.46+1.24  my. 
•■a  lues  used  for  and  X  was  34.67  v  mV  L!  ! 


f  or  Mi.tr 


i  o  a  nd 


wa 


The 


indirectly  calculated  sensitivity  tor  the  qradier 


hydroDhone  a.t  6c?-. 


hill  t  o.  0075  fJL  rad/fJL  Pa/ 


The  values  used  tor  the  individual  hydrophones  Mm,  and  M» 
are  10.54  X  10”  3  jUrad/jUPa  and  11.60  X  10“ 3  jUrad-  /its 
respectively.  The  agreement  between  Mom  and  Mid  is  well 
within  experimental  error. 

The  hber  optic  Gradient  hvdrophone  was  examined  tor 
abilitv  to  determine  a.  direction  of  tne  sound  source  as 
as  the  acoustic  level  .  E'a.ta.  was  obtained  *nr  she  c i  rec^  i 
3.1 1  tv  of  the  qra.disnt  hvdrophone  at  a  resonant  +  r  e  go  en  c 


Hz  in  the  calibration  tube,  "the  l.C—  10  r3+?r9nci 


phone  was  placed  at  the  pressure  max i mum  ( 10  cm/  arc  she 
*  i  ter  optic  Gradient  hydrophone  was  centered  at  tne  pressor- 
minimum  (18  cm)  and  then  rotated.  For  each  orientation  the 
J  — 11  drive  voltage  was  adjusted  to  zero  the  fundamental 
component  of  the  gradient  hydrophone  output.  The  cats  ir 
Table  VI  indicates  that  the  fiber  octi c  Gradient  h v a  r c  c  n o ~ e 
produces  the  predicted  directional  dipole  response,  as  snow 
:  n  Figures  4.  10  and  4.  11  for  separate  '■otati  on  runs,  Tne 
-erficai  position  of  the  hydrophone  in  the  cai  iL'sticr.  tubs 

PCX"--  espond  3  to  Ji  .i°  in  the  Graph,  f  i  jnrp  4.  15. 
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Gradient  Hydrophone  Dipole  Data 


Position 

degrees 


J-l  1 
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voltaae  (V) 


LC-10 
output 
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char acter i sti cs .  The  elastic  moduli  were  determined  by 
exciting  the  longitudinal,  torsional  and  -flexural  resonances 
of  the  bar  made  of  Stycast  1266  epoxy.  These  resonances  were 
excited  and  detected  electrodynamically  using  the  technique 
of  Barone  and  Giacommi  CRef.  13  and  143.  The  longitudinal 
and  flexural  yielded'  a  Young's  modulus  (E)  of  3.23  +  0.10  X 
10"9  Pa.  The  torsional  mode  yielded  a  shear  modulus  (6) 
of  1.16  X  10’  Pa.  The  standard  theory  of  isotropic 
elasticity  yields  from  these  values  a  Poisson's  ratio  <  (J  1 
of  0.392  and  an  average  Bulk  modulus  <E0  of  4.78  X  1 0’  c'a 
+  6.57.. 

From  the  definition  of  Bulk  modulus, 

B  =  AP /<AV/V>  <4.34) 

one  obtains 

AV/V  =  Ap/B  =  3Af/i  <4.35' 

where  AJ?  is  the  change  in  any  linear  dimension  SL  .  Thereic'e. 
the  change  in  the  length  of  the  fiber  <  AJ?  >  is  obtamea  o v 
rearranging  equation  (4.36): 

A*  =  i  A  P/3B  4 . 3c  • 

For  a  pressure  change  of  1  Pa  and  a  fiber  length  of  10  m. 
the  change  in  length  is  0.697  nm.  The  change  in  optical 


phase  is  calculated  using  the  following  equation: 


A0  =  27T  Ajl/\ 


(4.37) 


The  calculated  change  in  phase  of  the  light  in  the  fiber 
imbedded  in  the  epoxy  material  is  6.95  X  10-3  rad,  for  a 
wavelength  \  of  632.8  nm.  Therefore,  the  calculated 
sensitivitv  of  the  fiber  imbedded  in  the  epoxy  material  is 
6.95  X  10-3  jj.  rad/fj.  Pa.  This  value  is  within  approximately 
407.  of  the  measured  sensitivity  for  the  individual 
hydrophones.  However,  this  is  assuming  the  fiber  is 
uniformly  surrounded  by  the  epoxy.  This  is  not  the  case,  on 
one  surface  the  epoxy  material  thickness  is  small.  This  may 
account  for  the  difference  between  the  measured  and 
calculated  sensitivities.  This  shows  the  epoxy  to  be  an 
excellent  material  for  ruggedness  and  support  while  not 
degrading  the  acoustic  pressure  signal. 

Analysis  of  the  single  fiber  optic  hydrophone  sensiti¬ 
vity  can  be  compared  to  published  data  CRef.  6  and  83.  From 
Table  V,  typical  sensitivities  are  approximately 
10"=*  fj.  r  ad  /  fJL  P  a  for  10  m  of  fiber.  This  results  in  a 
sensitivity  of  10— 3  fJLrad/fJL  Pa/m  which  is  consistent  with 
earlier  obtained  results  CRef.  6  and  83.  This  yields  an 
increase  in  sensitivity  over  a  standard  directional 
hydrophone  of  approximately  14  dB  CRef.  123. 

In  Section  E  gradient  hydrophone  sensitivity  was 
approximately  0.111  fJLrad/fJ.  Fa/cm,  which  compares  to  Mills 


Using  the  equipment  built  by  Mills  CRef.  S3,  an 


exhaustive  data  acquisition  program  was  conducted  to  check 
■for  depth  dependency  of  the  fiber  optic  hydrophones  in  tne 
calibration  tube.  Appendix  C  gives  a  sample  of  the  data 
taken  for  a  sensitivity  run  in  the  short  (15.24  cm) 
calibration  tube.  The  frequency  was  varied  from  100  to  2000 
Hz  in  increments  of  50  Hz  with  the  J— 11  drive  and  LC— 10 
output  voltages  recorded.  The  LC— 10  output  voltage  was 
divided  into  the  LC-10  sensitivity  Mi_c-*o  times  3.33  radian 
then  plotted  against  the  frequency,  Figure  4.13. 

This  testing  was  conducted  at  several  depths  in  the 
short  calibration  tube.  The  data  showed  no  appreciable 
variation  within  experimental  error  other  than  the  silent 
shifting  of  the  hydrophone  resonant  frequency. 

G.  DIFAR  SEA  TRIAL  ANALYSIS 

An  analysis  of  the  DIFAR  data  obtained  during  the  sea 
trial  test  compares  to  that  published  in  CRef.  123.  The 
DIFAR  hydrophone3  has  three  piezoelectric  receivers  encases 
in  it.  One  is  an  omni-directional  hydrophone.  The  other  two 
(so  called  sine  and  cosine)  are  bender  vane  type  gradient 
hydrophones.  The  sine  and  cosine  each  produce  a  dipole 
pattern,  oriented  at  90°  to  one  another. 

The  sea  trial  was  conducted  aboard  the  R/V  Acania  in 


3The  bends1'  vane  transducer  was  made  by  Maanavox . 
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Monterey  Bay,  CA.  The  apparatus  was  lowered  to  a  depth  of 
9  m  at  a  location  where  the  bottom  was  100  m  or  greater.  The 
DIFAR  hydrophone  was  mounted  on  the  sea  trial  apparatus 
described  in  Chapter  III  Section  H.  Figure  4.14  shows  the 
instrumentation  set  up  used  tor  data  acquisition.  Appendix  E 
contains  a  sample  of  the  raw  data  obtained  during  the  sea 
trial  test. 

Data  acquisition  was  restricted  to  less  than  360“  tor 
each  part  o-f  the  DIFAR  hydrophone,  to  avoid  tangling  o-f  the 
wires  -from  the  hydrophones.  The  system  was  turned  clockwise 
and  counter  clockwise  to  prevent  tangling.  Figure  4.15  shows 
the  cosine  dipole  pattern  obtained  from  data  at  a  frequency 
of  2000  He,  drive  voltage  of  7.5  Vac  and  angle  with  respect 
to  the  J-ll  projector.  Figure  4.16  shows  similar  data  for 
the  sine  dipole  pattern  at  2000  He  and  7.0  Vac  drive 
voltage.  Figure  4.17  shows  the  omni  data  obtained  at  500  Hz 
and  10.0  Vac  yielding  the  expected  circular  pattern.  E>ata 
was  obtained  for  250  Hz,  500  Hz,  1000  Hz  and  2000  Hz  for  all 
three  receivers  in  the  DIFAR  hydrophone.  These  tests  estab¬ 
lished  our  ability  to  measure  hydrophone  characteristics  in 
a  sea  environment. 


Computer 


Figure  4.14  Block  Diagram  of  Instrumentation  Package 
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Figure  4,16  DIFAR  Sine  Dipole  Pattern 


V. 


conclusions  and  recommendations 

Fiber  optic  sensors  have  been  under  consideration,  since 
1977,  for  use  as  hydrophones  with  higher  sensitivity  than 
conventional  piezoelectrics.  Using  sensing  coils  in  both 
arms  of  a  Mach— Zehnder  interferometer,  a  fiber  optic 
gradient  hydrophone  was  tested  and  shown  to  be  useable  as  a 
directional  dipole  hydrophone.  The  sensitivity  of  the 
interferometric  fiber  optic  gradient  hydrophone  compares 
well  with  that  of  a  conventional  pi ezoelectric  directional 
hydrophone  presently  used  by  the  Navy. 

The  sensitivities  of  both  the  individual  and  gradient, 
hydrophones  compared  well  with  earlier  published  values 
CRef.  6  and  82.  This  was  proven  in  the  laboratory  using  a 
calibration  tube  that  allowed  the  gradient  hydrophone  to 
rotate  360°. 

An  experimental  apparatus  was  desiqned  and  constructed 
that  proved  to  be  capable  of  conducting  sea  tests  o+ 
conventional  and  fiber  optic  hydrophones.  It  supports  an 
acoustic  driver  and  hydrophones  plus  any  required 
electronics,  in  a  watertight  cannister. 

Further  work  is  required  to  complete  the  study  begun  in 
this  thesis  project.  This  includes  testing  of  the  830  nm 
dual  diode  laser  gradient  hydrophone  constructed  in  this 
studv.  An  alternative  interferometric  svstem  should  be 


constructed  to  decrease  the  number  of  fiber  to  fiber  splices 
(fuses)  required.  The  addition  of  a  polarization  controller 
within  the  interferometer  is  recommended,  together  with  some 
form  of  passive  stabilization.  These  improved  versions  of 
the  gradient  hydrophone  interf erometer  systems  should  be 
tested  and  compared  with  DIFAR  hydrophones,  both  in  the 
laboratory  and  at  sea. 
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*-»*******4**#-»****-»#****«-****-»**»*****«-**#****4*#«  «-**  * 


**************** 

**************** 

**************** 

**************** 


optical  hydrophone 

COMPARISON  CALIB- 
BRATION  PROGRAM 

PROGRAM  " ZERO  1C " 


*******♦*♦»♦*♦♦* 

**************** 

*****»♦**»♦♦*♦♦♦ 

*♦♦*♦♦♦*♦**♦**** 


**♦***♦-*■***♦♦**********♦**•■***♦♦*♦*■•*■•**•»»♦--»♦»•»»»•-»♦  »* 


100 

!  Revision 

1  - 

8 

Jan 

35 

101 

!  Revision 

n  _ 

10 

Jan 

85 

110 

DIM  R ( 150) 

,  A  <  1 

50 ) 

,  X  (4 

>  , 2  >  4 )  . AT ■ 64 >  . A8 i 6^ 

120 

INTEGER  17 

J  .  K  . 

N 

200 

1  ***  INIT 

IALI 

2  AT 

ICN 

***♦**!_  1ST  1010 

204  CLEAR 

205  ! 

210  DISP  "This  program  controls  a  3582  Spectrum  Ar>a;  ,:er  an 
a  3325  Signal  Source" 

220  DISP  "to  measure  the  frequency  response  o*  a  titer 
hydrophone" 


230 

DISP 

"by  comparison  with  an 

LC— 10” 

240 

DISP 

"Press  CONT  when  ready 

to  start 

250 

PAUSE 

260 

CLEAR 

290 

i 

300  !  Set  Sensitivity 

30 1  ' 

310  CLEAR 

320  DISP  "  SENSITIVITY  CODES" 

330  DISF'  "  2— 30V  5-1000mV  8-30mV " 

340  DISP  "3—10V  6— 300m V  9-10mV" 

350  DISP  "4-  3V  7-100mV  10—  3mV" 

360  DISP  "  " 

370  "Choose  CH— A,CH-B  Sens." 

330  INPUT  Al.Bl 

399  1 

400  3>I3F'  "Enter  initial  and  -final  frequencies  and  steo  size 
l  n  Hz  " 

410  INPUT  F1.F2.F3 


420  DISP  "Enter  maximum  drive  voltage  in  millivolts  r.m.s." 
430  INPUT  A9 
435  CLEAR 

2440  N=IIMT<  (F2-F1)  /F3)-*-l 
445  IF  N>64  THEN  GOTO  5100 
450  OUTPUT  717  ; “FU1AM1MR" 

460  OUTPUT  711  ; “PRS" 

470  OUTPUT  711  ; “AS" ;  A1 ; “BS" ;  B1 ; "MN1SP10" 

480  OUTPUT  711  ; "MD3MP125NU4A04" 

490  OUTPUT  711  ;"SC1" 

599  ! 

600  !  **••*■*•*■*•*•**•**■*•**■**«■*■#■»■■*  FREQ.  LOOP  ************************ 

601  ! 

610  FOR  1=1  TO  N 

620  F  < I ) =F 1 + ( I  —  1 ) *F3 

630  OUTPUT  717  ; "FR" ,F ( I ) , "HZ" 

640  OUTPUT  711  ;"AD",F(I> 

650  GOSUB  1000 
660  NEXT  I 
670  GOTO  2000 

999  1 

1000  !  ***************  BESSEL  MAX  SUBROUTINE  *•***•*■*■*■*•■*■**#•*-*•■*• 

1001  ! 

1003  PRINT  “  " 

1006  PRINT  "  " ; F  ( I ) ; "  Hz  DATA" 

1007  PRINT  "  " 

1010  PRINT  "  J 1 1 (mV)  OUT(mV)" 

1020  J=1  @  A  ( 1 )  =D  <§  R  <0>  =0  @  R3=0 
1030  OUTPUT  717  ; "AM" , A ( J) , "MR" 

1040  OUTPUT  711  ; "RE" 

1050  WAIT  13000 

1080  OUTPUT  711  ; "LMK" 

1090  ENTER  711  ;  R(J) 

1100  PRINT  USING  1110  ;  A ( J) ,R ( J ) *1000 

1150  IF  R  < J ) >R ( J— 1 )  THEN  GOTO  1240 

1160  IF  J<5  THEN  GOTO  1210 

1170  IF  JCN+l  THEN  GOTO  1210 

1180  IF  R ( J) >R ( J— 1 )  THEN  GOTO  1260 

1190  GOTO  1300 

1210  A ( J  + 1 ) =A  <  J ) +D 

1215  IF  A  < J+l ) >=A9  THEN  GOTO  5000 

1220  J=J+1 

1230  GOTO  1030 

1240  IF  R3 >R ( J )  THEN  GOTO  1260 
1245  R3=R ( J )  @  N 1 = J  @  A2=A<J) 

1250  GOTO  1210 

1260  PRINT  " ERROR-Bessel  -function  not  working  change  drive 
amplitude  increment" 

1265  PRINT  "For  Frequency ", F < I ), "Hz " 

1270  goto  660 


1 1 1 


1300  !  Parabolic  Fit 

1301  ! 

1305  B5=  <2* (R (Nl+2) -R (Nl-2) ) +R (Nl+1 ) -R (Nl-1 ) )/10 
1310  A4=(2*(R(Nl+2)+R(Nl-2) -R (N1 >> -R (Nl  +  1 > -R (Nl-1 ))/ 14 
1320  A0=A2-B5/ <2*A4) *D 
1330  X  (1>=INT(1.873*A0> 

1340  1 (2>=INT(1.977*A0) 

1350  X (3) =INT(2. 185+AO) 

1360  X(4)=INT(2.289*A0> 

1399  * 

1400  !  *******************  BESSEL  ZERO  ******************* 

1401  X1,X2,Z1,Z2,X3=0 

1402  ! 

1403  DISP  "  M 

1404  DISP  "  Bessel  Zero  Loop  ” j F ( I ) ; "Hz " 

1405  DISP  "  Jll  at  max  =";A0;"  mV" 

1407  DISP  "  " 

1408  DISP  "  Jll (mV)  OUT (mV)  LClO(mV)” 

1410  FOR  K=1  TO  4 

1420  OUTPUT  717  ; "AM" 5 X (K> j “MR" 

1430  OUTPUT  711  ; "RE" 

1440  WAIT  13000 
1 450  OUTPUT  711  ; " LMK " 

1460  ENTER  711  ;  Y(K) 

1 470  OUTPUT  711  ; " I M3 AAOB 1 A V2NU2RE " 

1480  WAIT  4500 

1490  OUTPUT  711  ; "LMK" 

1500  ENTER  711  ;  Z(K) 

1510  X 1=X 1+X (K) 

1520  X2=X2+X (K)*X (K) 

1530  X3=X3+X (K) *Z (K) 

1540  Z1=Z1+Z (K) 

1550  Z2=Z2+Z (K) *Z (K) 

1560  OUTPUT  711  ; " I M 1 AA 1 ABO A V4NU4 " 

1570  DISP  USING  1580  ;  X (K) , 1000*Y (K) , 1000*Z (K) 

1580  IMAGE  2X,5D,5X,2D.3D,4X,3D.D 
1590  NEXT  K 

1600  ‘  Zero  crossing  calculation  STORE  "ZEROll" 

1610  B— ( Y ( 1 ) — Y (2>)/(X(l>— X(2>) 

1620  C=Y ( 1 ) — B+X ( 1 ) 

1630  A5= ( -C ) /B 

1640  B=  ( Y  (3)  -Y  (4)  )  /  (X  (3)  -X  (4)  ) 

1650  C=Y ( 4 ) — B+X ( 4 ) 

1660  A6=(-C)/B 

1670  A7 ( I >  =  (A5+A6) /2 

1680  A8 ( I ) = ( A5-A6) / (2*A7 ( I ) ) 

1700  !  LC-10  L.  R.  Interpolation 

1710  '  V (LC-10) =M*A7  +  P 

1720  M=(X3-Xl»Zl/4) / (X2-X1+X1/4) 


1730  P=Zl/4-M*Xl/4 

1740  V ( I ) =M*A7 (I ) +P 

1741  R2=(X3-X1*Z1/4>X'2/  (  ( X2-X 1 *X 1 /4> * < Z2-Z 1 *Z 1 /4 )  ) 

1742  R1=SQR (R2 ) 

1750  DISP  "  M 

1760  DISP  “Fiber  zero  when  drive” 

1763  DISP  A7(I);”mV  +-" ;  100*A8  ( I )  ; 

1770  DISP  "LC-10  zero  ” ; 1000*0 (I ) ; "mV" 

1780  DISP  "r=";Rl 
1790  COPY 
1800  RETURN 

1999  ! 

2000  !  ****************  OUTPUT  AND  DISPLAY  **************** 
20 1 0  ! 

2020  PRINT  "  Freq  J-ll  LC-10  ERROR  (7.)  ” 

2030  FOR  1=1  TO  N 

2040  PRINT  USING  2050  ;  F ( I ) , A7 ( I ) , 1000*0 ( I ) , 100*A8 ( I ) 

2050  IMAGE  2X , 4D , 2X , 5D ,2X , 4D. D , 4X , M3D. 2D 
2060  NEXT  I 
3000  END 
4997  ! 

499S  !  ********************  ERROR  TRAPS  ******************* 

4999  I 

5000  DISP  "Required  drive  voltage  exceeds  ";a9;"  mV" 

5010  1=1+1  %  GOTO  620 

5100  DISP  "Program  will  only  make  measurements  at  64 
-frequencies" 

5110  GOTO  400 
6000  END 


APPENDIX  B 


r 

I.  RAW  DATA  FOR  SINGLE  FIBER  OPTIC  HYDROPHONE  AT  517  HZ 


J-ll  Drive  ! 

Vol taae  (mV) ! 

Fundamental 

(mV) 

:  l 

i 

i 

Harmonic  ! 

(mV)  ! 

LC-10 

(mV) 

1 00 

0.717 

0.065 

0 . 646 

200 

1.35 

0.243 

1 . 29 

300 

1 . 63 

0.  406 

1.92 

400 

1 . 75 

0.530 

2.55 

500 

2 . 00 

0.  680 

3.17 

600 

2.  14 

0.844 

3.77 

700 

2.  17 

1 . 04 

4.38 

800 

1.92 

1.  17 

4.97 

900 

1 . 83 

1 . 36 

5.56 

1 000 

1.54 

1.43 

6,  14 

1  100 

1.15 

1.44 

6.  y t> 

1 200 

0.723 

1 . 42 

7 .  36 

1  300 

0 .  364 

1 . 39 

7. 95 

1 400 

0.  176 

1.  16 

8.53 

1 500 

0 .  460 

1.01 

9.  12 

1 600 

0.842 

0.  730 

9.71 

1 700 

0.957 

0. 470 

1 0 . 3 

1 900 

1.  12 

0.211 

10.8 

1 900 

1 .  14 

0.064 

11.4 

2000 

1.24 

12.0 

Second 

Run 

o-f  Data 

1 500 

0.  407 

0.959 

9,12 

1 490 

0.382 

1.10 

9 . 06 

1430 

0.  343 

1.10 

9 . 0  1 

1 470 

0 .  309 

1.15 

8.95 

1  460 

0.266 

1 . 08 

8.89 

1 450 

0 . 2 1 4 

1 . 04 

8 . 84 

1 440 

0 .  1 39 

1 . 05 

3.  73 

1430 

0.  149 

1 . 07 

8.  72 

1 420 

0.  1  10 

1.16 

3.65 

1410 

0 . 099 

1.23 

8.  &0 

1  400 

0. 078 

1 . 34 

8.54 

i  390 

0.068 

1.37 

8.  48 

1  330 

0 . 08 1 

1 . 50 

8.  42 

1350 

O.  183 

1 . 44 

8.25 

1  300 

0.398 

1 . 48 

95 

114 


APPENDIX  C 


DEPTH  DEPENDENCY  DATA 


Frequency  ! 

(Hz)  ! 

1 

l 

1 

1 

J-ll 
drive 
vol tage 
(mV) 

LC-10 
output 
vol tage 
(mV) 

I  */.  Error 

i 

1 

1 

1 

1 

1 

!  3.  83*Mi 
■  V|_c—  lO 

!  fJLr  ad  /  fji  P 
!  X  10~3 

100 

1693 

13.4 

0.21 

9.91 

150 

2120 

19.0 

5.  18 

6.99 

200 

2356 

23.  1 

1.  15 

5.74 

250 

365 

3.9 

*322.31 

34 . 05 

300 

2173 

23.9 

0.50 

5.56 

350 

1941 

22.  1 

1.51 

5.61 

400 

1919 

23.5 

0.16 

5 . 65 

450 

1 705 

23.  8 

0,61 

5.58 

500 

1476 

24.  7 

1.09 

5 .  38 

ZjZ'O 

1112 

26.3 

0 . 85 

5 . 05 

600 

679 

24.7 

0.93 

5.  38 

650 

533 

24 . 0 

0.  10 

5 . 53- 

700 

1 009 

19.5 

0 . 50 

fa.  31 

750 

3387 

31 . 7 

2.24 

4.  19 

900 

3153 

17.2 

0.  49 

7.  72 

850 

3395 

11.4 

1 . 30 

1  1 .  fa5 

900 

2804 

5.4 

0.86 

24.59 

950 

1539 

1.5 

2.  16 

88.53 

1000 

1340 

1.3 

i  .  06 

102. 15 

1050 

1256 

T  4 

■  X. 

10.31 

42.84 

1 100 

151 1 

8.8 

0 . 36 

15. 09 

1  1 50 

4773 

21.5 

0.26 

6.  18 

1 200 

6127 

18.8 

1.43 

7. 06 

1 250 

4328 

28.  6 

4.38 

4.  fa4 

1 300 

13150 

87.  8 

*41.16 

1.5: 

1350 

18216 

77.  7 

1.89 

1.71 

1 400 

1 1256 

36 . 0 

2.  18 

3 .  fa  9 

1  450 

10521 

27.2 

2.  13 

4.88 

1 500 

10876 

TT  O 

iU— •  «  r 

0 . 83 

5 . 56 

1550 

1 1 796 

22.5 

0. 47 

5 . 90 

1 600 

1 1 80 1 

20 . 0 

0 . 64 

6 . 64 

1650 

1 0506 

16.5 

0.  74 

3.05 

1700 

8410 

10.5 

0 . 90 

1  2 .  fa5 

1  750 

10903 

7.6 

0 . 28 

17.47 

1  800 

9883 

9.0 

12.99 

14. 7fa 

1 850 

8359 

9.5 

0 .  25 

1 3 . 98 

1 900 

8359 

8.2 

1.73 

16.  19 

1950 

6700 

7.0 

1 . 35 

18.97 

2000 

5402 

6.  1 

0.  10 

21 . 77 

has  high  \  error  therefore  is  discounted  as  true  d 


APPENDIX  D 


DIFAR  SEA  TRIAL  DATA 


Angle  !  Vpar  !  Vdmm 


(degree) _ !  X  IQ-1  (Vac) _ !  X  10~2  (Vac) 


34 

2.5855 

2.5518 

37 

2. 5800 

2.5762 

39 

2.5759 

2.5356 

42 

2.5614 

2.3631 

44 

2.5430 

2. 2685 

47 

2.5152 

2 . 3035 

50 

2.4811 

2. 4444 

52 

2.4463 

2.5255 

55 

2.4053 

2.5705 

57 

2.3487 

2.5450 

60 

2.3044 

2.4248 

63 

2.2463 

2 • 3535 

65 

2. 1829 

2. 2920 

68 

2. 1207 

2.2588 

70 

2.0603 

2.2561 

73 

1.9841 

2.3169 

76 

1.9018 

2.4726 

78 

1 . 8226 

2.5412 

81 

1 . 7338 

2. 4644 

84 

1 . 6397 

2.5959 

86 

1 . 5378 

2.4394 

89 

1 . 4508 

2.2726 

92 

1 . 3580 

2.2293 

94 

1 . 2579 

2.4073 

97 

1. 1667 

2.5276 

1 00 

1.0614 

2.3952 

102 

0.9529 

2. 4216 

105 

0.8445 

2. 4665 

108 

0.7432 

2. 5002 

111 

O . 6203 

2. 481 1 

113 

0.5103 

2 . 3950 

1 14 

0.3910 

2.4176 

117 

0. 2769 

2.8816 

1 20 

0. 1597 

2. 1926 

122 

0.0654 

2. 3710 

125 

0.0656 

2. 4448 

128 

0. 1632 

2.4172 

130 

0. 2641 

2. 2845 

133 

0.3305 

2.5773 

135 

0. 3953 

2.5712 

117 


\deqre 

e)  1  X  lO-1  (Var)  ! 

X  10~=  (V 

265 

1 . 606 1 

2. 4833 

269 

1 . 5249 

2, 5305 

Am  / 

1.4551 

2.5579 

274 

1 . 3735 

2. 5136 

274 

1 . 2953 

2.3275 

277 

1 . 2037 

2. 1840 

279 

1. 1103 

2 . 1 804 

282 

1 . 0043 

2. 2864 

284 

0. 8929 

2.4969 

287 

O . 7956 

2. 5444 

289 

0.6875 

2.5562 

OO'J 

0.5774 

2.4960 

295 

0. 4654 

2 . 3609 

297 

0.3623 

2.3682 

299 

0. 2495 

2. 4472 

302 

0. 1347 

2 . 5203 

304 

0. 0364 

2.5806 

307 

0. 1016 

2.61 30 

3 1 0 

0. 2158 

2.4719 

312 

0.3325 

2. 21  14 

315 

0. 4497 

2. 1667 

319 

0. 5540 

2.2376 

326 

0.6620 

2. 4356 

327 

0. 7702 

2. 5362 

328 

0.9475 

2.4494 

330 

1 . 0429 

2.3248 

332 

1. 1364 

2.2500 

334 

1 . 2390 

2.3217 

336 

1 . 3294 

2.4754 

338 

1 . 4261 

2.4588 

341 

1.5142 

2.5328 

343 

1 . 600 1 

2 . 5509 

346 

1 . 7350 

2. 3981 

351 

1 . 8793 

2.3582 

354 

1.9975 

2.4171 

356 

2. 0864 

2.3755 

358 

2. 1438 

2.5116 

Cosine  lOOOB 

run 

1 .  Spectrum 

Analyzer  setting  250  mVac 

2.  Time  Constant  1000  msec 

3.  J-ll  Drive  voltage  5  Vac 
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